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Here we report on the structural and magnetic properties of Ni0.2Mn3.2Ga0.6 melt-
spun ribbons. The as-spun ribbons were found to exhibit mixed cubic phases that
transform to non-cubic structure upon annealing. Additionally, an amorphous phase
was found to co-exist in all ribbons. The SEM images show that minor grain forma-
tion occurs on the as-spun ribbons. However, the formation of extensive nano-grains
was observed on the surfaces of the annealed ribbons. While the as-spun ribbons
exhibit predominantly paramagnetic behavior, the ribbons annealed under various
thermal conditions were found to be ferromagnetic with a Curie temperature of
about 380 K. The ribbons annealed at 450 ◦C for 30 minutes exhibit a large coer-
cive field of about 2500 Oe. The experimental results show that the microstructure
and associated magnetic properties of the ribbons can be controlled by annealing
techniques. The coercive fields and the shape of the magnetic hysteresis loops vary
significantly with annealing conditions. Exchange bias effects have also been observed
in the annealed ribbons. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4977892]
INTRODUCTION
Permanent magnets based on neodymium-iron-boron (Nd-Fe-B) and other rare earth-based
materials are the most powerful magnets, which are heavily applied in many technologies includ-
ing compact electronic devices, motors for hybrid vehicles, and wind generators.1,2 The increasing
demand for rare-earth magnets has resulted in high cost and limited availability of rare-earth ele-
ments. Therefore, there is a growing interest in developing new magnetic materials that are free
from the critical rare-earth elements. For permanent-magnet applications, the material of inter-
est must exhibit large magnetocrystalline anisotropy (MCA).3 Therefore, for the development of
rare-earth-free magnets it is of great importance to develop ferromagnetic materials that exhibit
large MCA.
Recently, some Mn-Ga based materials have gained intense research interest due to their large
MCAs.4–11 Depending on the stoichiometry and fabrication conditions, the structural and magnetic
phases of these materials may vary dramatically.4,5,12 From the perspective of permanent magnets, the
tetragonal P4/mmm (ordered L10) and the I4/mmm (disordered D022) phases are of primary interest
because they exhibit high Curie temperatures, large saturation, and large coercivity.8,10,13 However,
in order to fully exploit the permanent magnetic properties of these materials and make them suitable
aCorresponding author: Email: khanm2@miamioh.edu
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for practical applications, they must be synthesized with desired composition and structure at the
nanoscale level.
The desired nanostructures can be obtained by growing epitaxial thin-films,5 ball-milling the
materials into powders,10 or by preparing melt-spun ribbons.6,11 Considering the rare-earth-based
permanent-magnet materials, it is well known that the microstructure and size of the nano-grains of
the melt-spun ribbons can be controlled by optimizing the quenching rate as well as by annealing
the rapidly-quenched ribbons under various conditions.2,14,15 These methods have also been utilized
to develop Mn-Ga based melt-spun ribbons.6 In an attempt to further investigate the effectiveness
of the melt-spinning method and annealing techniques in developing nanostructured Mn-Ga based
hard magnetic materials, we have fabricated and characterized Ni0.2Mn3.2Ga0.6 melt-spun ribbons.
Our study shows that the hard magnetic properties of the rapidly-quenched ribbons are substantially
improved by annealing.
EXPERIMENTAL TECHNIQUES
A polycrystalline button of Ni0.2Mn3.2Ga0.6 weighing approximately 8 g was fabricated by arc-
melting the constituent metals of more than 3N purity (obtained from Alfa Aesar, Inc.) in an argon
atmosphere. The as-prepared button was then used for the preparation of the melt-spun ribbons. The
ribbons were prepared using the melt spinning technique on a rotating copper wheel at a surface
velocity of 57 ms-1. The as-fabricated ribbons were then annealed at various temperatures for 30
minutes. The structure of the samples were verified by x-ray diffraction (XRD) measurements using
a Scintag XDS 2000 that employed Cu Kα radiation with theta-theta geometry. The phase purities
and microstructures of the alloys were analyzed by EDS in a Jeol JSM- 840A Scanning Electron
Microscope (SEM). All XRD measurements were performed at room temperature. The magnetization
measurements were carried out using a physical property measurement system (PPMS) from Quantum
Design, Inc. The measurements were performed in the temperature range of 5 – 400 K and in applied
FIG. 1. Room temperature XRD patterns of selected Ni0.2Mn3.2Ga0.6 ribbons annealed at various temperatures.
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magnetic fields of up to 50 kOe. Before the zero-field-cooled (ZFC) measurements, the samples were
cooled from room temperature to 5 K in zero magnetic field. The field cooled (FC) measurements
were performed by cooling the samples in a magnetic field of 50 kOe.
RESULTS AND DISCUSSION
The XRD patterns of Ni0.2Mn3.2Ga0.6 ribbons obtained at room temperature are shown in FIG. 1.
The XRD patterns of the as-spun ribbons indicates that two major cubic phases co-existed in them. The
primary phase was the Ni0.2Mn3.2Ga0.6 cubic L21 phase and secondary phase was the cubic Mn8Ga5
phase, possibly with small amounts of Ni on the Mn sites. A noticeable change was observed in
the XRD patterns of the ribbons annealed at 200 0C for 30 minutes. The (220) and (310) peaks
corresponding to the Mn8Ga5 phase were not observed in those samples annealed at 200 0C. In
addition, the peak near 420 (corresponding to the (111) L21 peak) was much sharper for these
ribbons, suggesting that annealing at 200 0C promotes the formation of the Ni0.2Mn3.2Ga0.6 cubic
L21 structure. In the ribbons annealed at T > 450 0C, three distinct peaks were observed in the
XRD data between 400 and 500, which could be indexed to a mixed phase primarily containing the
Ni0.2Mn3.2Ga0.6 DO22 and the hexagonal Ni0.2Mn3.2Ga0.6 DO19 crystal structures, respectively.16,17
Peaks corresponding to a small amount of the L10 MnGa phase were also observed in the data.
FIG. 2. Room temperature SEM micrographs of selected Ni0.2Mn3.2Ga0.6 ribbons annealed at various temperatures.
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As shown in FIG. 1, an amorphous phase, represented by the broad peak near 250 in the figure, was
found to co-exist in all samples.
Figure 2 shows the SEM images of the as-spun Ni0.2Mn3.2Ga0.6 ribbons and those annealed
for 30 minutes at various temperatures. For the as-spun ribbons, grain formations at a significantly
smaller scale were observed in the high resolution SEM micrographs. For the ribbons annealed at
400 0C, a minor grain growth was observed on the surface of the ribbons. A dramatic modification of
the ribbon surfaces was observed when annealed at temperatures greater than 400 0C. A clear growth
of nano-size grains was observed on the surfaces of the ribbons. Estimated from the SEM image, the
grain sizes ranged between 50 - 70 nm. It is also interesting to note that the SEM micrographs of the
cross-sections of the ribbons show that the nano-grains only grow on the surfaces of the melt-spun
ribbons (not on the interiors). In addition, the cross-sectional SEM images show that there is no grain
growth in the underlying matrix layer, which indicates its amorphous nature and is also supported by
a broad hump observed around 250 in the x-ray diffraction patterns (Fig. 1). Thus, the sharp x-ray
FIG. 3. Temperature dependence of the dc magnetization of selected Ni0.2Mn3.2Ga0.6 ribbons measured in an applied magnetic
field of 1 kOe.
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diffraction patterns observed in Fig. 1 only represents the crystal structure of the nanograins. This
behavior will be investigated further and the results will be reported elsewhere.
Figure 3 shows the magnetization as a function of temperature, M (T), for selected
Ni0.2Mn3.2Ga0.6 melt-spun ribbons. As shown in FIG. 3a, the magnetization of the as-spun rib-
bons remains nearly unchanged with increasing temperature until ∼300 K, where it sharply drops but
never reaches zero, even at 400 K. The unchanged M (T) curve with increasing temperature indicates
that the sample is paramagnetic. The transition near 300 K may correspond to the Curie temperature
of a weak and partially ordered L21 phase. The M (T) data of the ribbons annealed for 30 minutes at
T = 400 0C and 450 0C are shown in Fig. 3b and 3c, respectively. The ribbons annealed at 400 0C
exhibit a typical ferromagnetic behavior. Although the magnetization drops near T c, it does not reach
zero. The ferromagnetic nature is even more enhanced for the ribbons annealed at 450 0C. The Curie
temperature is ∼380 K for all ribbons annealed at temperatures > 400 0C.
The M (H) data measured at 5 K and 298 K for selected Ni0.2Mn3.2Ga0.6 ribbons are shown in
FIG. 4. For the as-spun ribbons (FIG. 4a), the M (H) data at both temperatures exhibit similar behavior,
where the magnetization (which is significantly small) changes linearly with the applied magnetic
field. The behavior suggests that as spun ribbons are non-ferromagnetic. As shown in Figure 4b,
the hysteresis loops for the Ni0.2Mn3.2Ga0.6 ribbons annealed at 400 ◦C for 30 minutes show a
significant improvement. The hysteresis loop demonstrates hard magnetic behavior with a noticeable
coercive field, which is higher at 5 K and much lower at 298 K. As the annealing temperature is
increased (while keeping the annealing time constant at 30 minutes), the hard magnetic properties
are significantly improved (see FIG. 4c and 4d). The coercive field at 5 K increases with increasing
annealing temperature from 1665 Oe (400 0C) to 2528 Oe (450 0C) and then decreases to 1829 Oe
(475 0C). The coercive field finally decreases to 1731 Oe when annealed at 500 ◦C (not shown here).
It should be noted that, although the annealed ribbons exhibit enhanced coercivity, the magnetizations
for all ribbons are significantly small. The reason for this behavior can be attributed to the fact that
the nano grains only develop on the surfaces of the melt-spun ribbons as mentioned earlier.
FIG. 4. Field dependence of the magnetization of Ni0.2Mn3.2Ga0.6 ribbons measured at 5 K and 298 K.
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FIG. 5. Field dependence of the magnetization of Ni0.2Mn3.2Ga0.6 ribbons measured at 5 K under ZFC and FC conditions.
The M (H) data obtained under ZFC and FC conditions revealed additional characteristics of
the Ni0.2Mn3.2Ga0.6 ribbons, as shown in FIG. 5. Shifts in the hysteresis loops were observed
when the samples were cooled from room temperature to 5 K in the presence of a magnetic
field of 50 kOe. This behavior shows that the samples exhibit exchange bias, which signifies
the co-existence of D019 antiferromagnetic and L10 / D022 ferromagnetic/ferromagnetic phases
in the ribbons.17 With increasing annealing temperature, the magnitude of the exchange bias
is reduced, suggesting a reduction in the antiferromagnetic phases with increasing annealing
temperature.
The experimental results presented above confirm that by controlling the annealing conditions, the
microstructure and the associated hard magnetic properties of Ni0.2Mn3.2Ga0.6 melt-spun ribbons can
be manipulated. Further optimization is necessary for complete formation of nano-grains throughout
the entire ribbons (instead of just on the surfaces). Considering that such grain formation occurs, the
net magnetization and coercivity of the ribbons are expected to increase significantly. Additionally,
for the determination of the exact elemental compositions of the nano-grains that formed on the
ribbons, more measurements, including TEM, will need to be performed on them.
CONCLUSION
In conclusion, we have investigated the structural and magnetic properties of Ni0.2Mn3.2Ga0.6
melt-spun ribbons. The as-spun ribbons were found to exhibit mixed cubic phases while the annealed
ribbons exhibited tetragonal structures. Annealing the ribbons resulted in the formation of nano-size
grains on the surfaces. The annealed ribbons showed ferromagnetic behavior with a Curie temperature
of 380 K. The largest coercive field of 2528 Oe was observed for the ribbons annealed at 450 0C
for 30 minutes. The observation of exchange bias in the ribbons demonstrates the coexistence of
antiferromagnetic and ferromagnetic (and or ferrimagnetic) exchange interactions. The observed
056230-7 Khan et al. AIP Advances 7, 056230 (2017)
experimental results indicate that the Ni-Mn-Ga based materials should be investigated further for
the development of rare-earth-free permanent magnets.
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